How a pollen tube manages to navigate through the female tissues during plant reproduction has been a mystery. A new analysis of an Arabidopsis mutant has provided the strongest evidence yet that a GABA gradient may be a critical signal for correct targeting of the pollen tube.
In animals, the amino acid γ γ-amino butyric acid, GABA for short, is well known for its role as an inhibitory neurotransmitter [1] . In recent years, GABA has also been found to play excitatory roles in developing nervous systems [2, 3] . In plants, GABA How this navigation is accomplished has been a mystery. Genetic studies suggested that the ovule (Figure 1 ) may send an attractive signal [8, 9] . In mutants where the diploid tissues of the ovule appear normal but the female gametophytes develop abnormally, pollen tube guidance is severely affected. This implies that the haploid female gametophyte has a critical role in pollen tube guidance. Ablation experiments indicated that the synergid cells at the opening called the micropyle [10] are required for attracting the pollen tube, although the nature of the attractive signal was not established. Because mutants defective in the development of the diploid ovule tissues also have abnormal female gametophytes, it is not clear whether the diploid tissues have a separate role in pollen tube guidance.
Other studies support the idea that the pollen tube itself also plays a critical role in determining its growth pathway. The properties of one mutant in particular, pop2, suggest that a single gene may act on both the male and female sides of this interaction [11] . The homozygous pop2 mutant is self-sterile. Examination of pollen and ovule development revealed no abnormality, suggesting that the defect is in the interaction between the two. Indeed, the mutant pollen tube can germinate and penetrate the stigma, but it wanders aimlessly afterwards, even when it comes close to the egg cell by chance (Figure 2 ). Pollen tube guidance is thus abnormal in this mutant.
To understand how POP2 affects pollen tube guidance, Palanivelu et al. [7] isolated the gene by positional cloning. This revealed that POP2 encodes a transaminase which had previously been shown to behave as a GABA transaminase in vitro [12] . Indeed, biochemical tests indicated that pop2 mutant tissues have more than 100-fold greater GABA levels than wild-type tissues, whereas the levels of other amino acids are not affected. Further evidence for the elevation of GABA being the cause of the fertility defect in the pop2 mutant came from the analysis of the wildtype and three different pop2 mutant alleles. Even within the same plant, flowers on the branches accumulate less GABA and have higher fertility than those on the main stem.
How can the levels of GABA affect pollen tube guidance? A plausible idea is that a gradient of GABA might provide the positional cue for attracting pollen tubes to the correct final target. To test this hypothesis, Palanivelu et al. [7] measured the levels of GABA in different parts of the female reproductive organ, along the path of pollen tube growth. In the wild-type pistil, from the stigma, with which pollen interacts initially, to the style and septum, and finally to the inner integument, the part of the ovule that encloses the egg and central cells, the GABA levels gradually increase from 20 to 60 µ µM, then to 160 µ µM, and finally to 500 µ µM. In contrast, the levels of GABA in the pop2 mutant stigma, style, and septum were found to be abnormally high, at levels from 1200 to 1900 µ µM, and even higher (24,000 µ µM) in the inner integument.
Thus there is a gradient of GABA levels along the path of pollen tube growth, and the pop2 mutation results in a great elevation of GABA levels and the virtual elimination of the gradient along much of this path. How does POP2 affect the differential levels of GABA in different female tissues? Immunolocalization experiments of the POP2 protein revealed that it is readily detected in tissues -outer integument -that have relatively low levels of GABA, but barely or not at all in tissues -inner integument -with high GABA levels. In the pop2 mutant ovules, both the inner and outer integuments have high levels of GABA.
The fact that a GABA gradient exists along the path of pollen tube growth is consistent with the GABA gradient being an important positional cue. Does the pop2 mutant phenotype support the idea of pollen tube guidance by a GABA gradient? Careful examination showed that the rate of pollen tube growth from stigma to septum is similar in wild-type and the pop2 mutant ovaries, suggesting that the early portion of the gradient is not essential for proper pollen tube growth. In contrast, after the pop2 pollen tubes exit the septum tissue, they grow in a way that seems to be undirected. Even when the pollen tube tip comes close to the micropyle by chance, it continues to march on, oblivious of the nearby micropyle (Figure 2 ). These observations are consistent with an important role for a GABA gradient along the later portion of the pollen tube path, because the cells around the micropyle normally have the highest GABA levels, whereas in the pop2 mutant, ovules and funiculus also have very high levels.
These results suggest that POP2 function is important in female tissues to establish a GABA gradient. Reciprocal crosses, however, indicate that the pop2 mutant is male and female fertile when crossed with the wild type. In particular, wild-type pollen tubes were found to efficiently target the micropyle in the pop2 mutant ovary. Palanivelu et al. [7] suggest that, when a wild-type pollen tube grows through pop2 female tissues, the POP2 activity in the pollen tube is able to reduce GABA levels, allowing the pollen tube to sense the higher levels further along the normal path. The fact that pop2 pollen tubes can also reach the micropyle in a wild-type ovary, which has a normal GABA gradient, indicates that POP2 activity in the pollen is not critical when the female environment is normal.
In addition to their abnormal guidance, pop2 pollen tubes exhibit growth arrest in a pop2 ovary, suggesting that GABA may also regulate pollen tube growth. Consistently, GABA was found to promote pollen tube growth in vitro at low to medium levels, but inhibit pollen tube growth at high levels. Moreover, pop2 pollen tubes are sensitive to the inhibition by GABA at lower levels, even those that still promote wild-type pollen tubes. It is reasonable to propose that wild-type pollen can reduce GABA to a level that does not inhibit growth in both normal and pop2 pistils, whereas a pop2 pollen tube cannot reduce the GABA level and is inhibited by the high GABA levels in the pop2 pistil after the exit from the septum. Furthermore, in vitro tests were not able to demonstrate a role for GABA as the attractive signal for pollen tube growth, indicating that other molecules are needed.
Regardless of whether the GABA gradient indeed provides a signal for pollen tube guidance or high levels of GABA inhibit pollen tube growth in vivo, or both, it is not known how GABA acts to cause such end results. In animal neural systems, GABA binds to surface receptors, in some cases -the so-called 'ionotropic' receptors -regulating the activities of ion channels [13] It is known, nevertheless, that pollen tube growth involves highly dynamic extracellular and intracellular Ca 2+ gradient and pH changes [17] . The synthesis of GABA in plant cells is closely associated with Ca 2+ and H + levels [4] , suggesting a possible mechanism to couple GABA level with the regulation of pollen tube growth. In addition, pollen tube growth consumes a lot of energy, and many mitochondria are present at the growing region of the tube [18] . The synthesis of GABA followed by the reaction catalyzed by POP2 is an alternative way to generate succinate, which is then used by the Krebs cycle for energy production. The pop2 mutation might block the flow of GABA to succinate, perhaps reducing energy production in the pollen. In conclusion, the new genetic and molecular studies of the Arabidopsis POP2 gene [7] clearly demonstrate a role for normal levels of GABA in plant reproduction, particularly pollen tube growth and/or guidance. The available molecular data suggest that the mechanism for GABA activity in pollen tube growth and guidance is likely to be different from those controlling animal neuronal synaptic activities of GABA. 
